Introduction
All species exhibit limits in their spatial distribution. In some systems, these limits are shaped by conspicuous environmental barriers that obstruct dispersal (e.g. rivers, mountains and oceans). In many systems, however, range limits persist in the absence of such 'hard' barriers to gene flow (Irwin, 2002) . Ultimately, a species' range is a function of its birth, death and migration rates, which are greatly influenced by environmental factors (i.e. its fundamental niche; Pulliam, 2000) . But exactly how demographic parameters interact with environmental heterogeneity to keep a species from filling an adjacent, suitable habitat remains the subject of active research. Empirically elucidating these mechanisms is crucial to our understanding of numerous contemporary issues in biology, including invasive species dynamics, species response to climate change and the spread of infectious disease Sexton et al., 2009) .
Various theoretical models have been developed to predict the demographic and environmental conditions required for stable species' borders in the absence of hard gene flow barriers (see Sexton et al., 2009; and referrences therein) . These models commonly examine the role of gene flow across a discretely or continuously varying environmental landscape (Holt & Gaines, 1992; Alleaume-Benharira et al., 2006; Goldberg & Lande, 2007; Filin et al., 2008) . For instance, Kirkpatrick & Barton (1997) modelled the diffusion of a single species along a smooth environmental gradient and found that range expansion could be constrained if a steep gradient was coupled with asymmetric gene flow from a species' core into its periphery. Gene flow asymmetry along the gradient occurs because migrant alleles from the core (e.g. where a less extreme phenotype is optimal) into the periphery cannot be offset by migrant alleles from the opposite side of the peripheral population (where a more extreme phenotype would be optimal, but no population exists). This result supports JBS Haldane's (1956) more general argument that excessive gene flow into marginal habitats could retard local adaptation therein and hence limit range expansion.
Most species, however, do not expand into unoccupied space. This has led others to model the conditions that shape range limitation when two species interact (Case et al., 2005) . Case & Taper (2000) found that competition could reduce population abundance in areas of sympatry, which would exacerbate the effects of asymmetric gene flow and keep each species from achieving their local phenotypic optima. Furthermore, they found that greater rates of asymmetric gene flow could lead to a wider spatial range of maladaptive phenotypes. In contrast to Kirkpatrick & Barton (1997) , stable species boarders can be achieved along a relatively less extreme environmental gradient. It should be noted that gene flow need not be asymmetric to constrain local adaptation and hence range expansion, especially when competing species are involved. Gene flow asymmetry across an environmental gradient, however, is likely to be a fundamental mechanism that shapes species ranges. Moreover, few empirical studies have explicitly explored how this mechanism may influence components of fitness in peripheral populations (but see Bridle et al., 2009) .
The striped ground crickets, Allonemobius socius and A. fasciatus, provide an excellent system to examine the influences of gene flow and interspecific interactions on local adaptation and range expansion. Allonemobius fasciatus range throughout the northern United States (from New Jersey to Washington), whereas A. socius are confined to the south-eastern United States (Howard & Furth, 1986) . Along the mid-Atlantic states, these two species come into contact and form a large east-west mosaic hybrid zone that stretches from southern New Jersey to Illinois ( Fig. 1 ; Howard & Waring, 1991) . Although F1 hybrids are viable, their frequency remains relatively low due to conspecific sperm precedence (Howard et al., 1998) . Furthermore, A. socius alleles appear to be advancing slowly northwards within the zone (Britch et al., 2001) , even though the position of the zone itself has remained stable for the last quarter century (Howard, 1983) . Such spatial consistency is remarkable given that both species are capable of producing a high proportion of flight-capable, long-winged (i.e. macropterous) individuals (Mousseau & Roff, 1989b) .
According to the above theoretical models, such stability can persist if a species spans an environmental gradient (either discrete or continuous) while experiencing substantial gene flow asymmetry from population core to margin, or if a significant reduction in overall genetic variation persists in the marginal population. Accordingly, A. socius extend along a latitudinal cline that induces a significant gradient in breeding season length. Throughout the south-east, A. socius inhabit a bivoltine environment that allows them to produce two or more generations per year. As one moves northwards in their range, the probability of experiencing an environment that favours a univoltine life history gradually increases. This culminates in an environment that can only support a univoltine life cycle along the northern periphery of their range (Mousseau & Roff, 1989a) . It is within this univoltine environment that the A. socius-A. fasciatus hybrid zone persists.
Presumably, the shift in season length has shaped the reproductive biology of both species. The life-history strategy of A. fasciatus is highly canalized, where females exclusively produce diapause eggs that allow overwinter survival. In contrast, the life-history strategy of A. socius is plastic and temporally optimized to match the changing conditions throughout the year. In a bivoltine environment, the proportion of diapause eggs produced (diapause incidence) gradually increases as photoperiod and temperature decrease during the breeding season (photoperiod provides a reliable cue as to how many breeding days remain; Bradford & Roff, 1993) . This bethedging response is also expected to be spatially optimized. For instance, as the probability of experiencing a univoltine environment increases along the gradient, diapause incidence for a specific photoperiod is also expected to increase (Roff, 1996) .
For A. socius to expand its range further north, however, the optimal egg-laying phenotype should be one of pure diapause. This is because expansion brings A. socius into direct competition with A. fasciatus, which produces only diapausing eggs. Any mixed-diapause strategy exhibited by A. socius in a competitive univoltine environment will therefore reduce their fitness. Consequently, gene flow from the southern bivoltine A. socius populations may place northern populations at a competitive disadvantage by decreasing their diapause incidence.
Here, we assess the possibility that the stable range limit observed in A. socius is due to either gene flow asymmetry into, and ⁄ or reduced genetic variation within, the marginal populations. To this end, we (i) evaluated the environmental gradient by documenting the shifting probability of experiencing a short-season environment (i.e. univoltine) along the latitudinal cline, (ii) determined the genetic composition (i.e. A. fasciatus, A. socius or their hybrids) of 12 populations along the gradient, which spanned the central regions of both species respective ranges and the hybrid zone, (iii) estimated the degree of genetic variation (based on heterozygosity) within each population, (iv) estimated population genetic structure and magnitude of gene flow (via F PT ) among populations, (v) estimated the degree of gene flow asymmetry moving from the central into the marginal populations and (vi) determined the diapause incidence (i.e. the proportion of diapausing eggs produced by females under mild diapause conditions) for each population. Our estimate of diapause incidence reflects a population's diapause threshold (i.e. sensitivity to diapause conditions), which should be closely associated with fitness in this system.
Materials and methods

Population collection and maintenance
Twelve populations of Allonemobius were collected in August of 2007 along a north-south transect corresponding to approximately 81°15¢W longitude. Three populations were collected for each of four geographical regions designated A through D (Table 1, Fig. 1 ). The 'A' region occurred in the pure A. socius part of the distribution, and the 'D' region occurred in the pure A. fasciatus part of the distribution. The 'B' and 'C' regions were located within southern and northern limits of the hybrid zone, respectively.
For each population, approximately 200 adult crickets were collected, from which an average of 25 individuals were flash-frozen in liquid nitrogen and stored at )80°C for genetic analyses (342 individuals in total were assayed). The remaining individuals were used to establish laboratory populations. All crickets were maintained in incubators (Percival, Perry IA) at 28°C with a 9L ⁄ 15D photoperiod for two generations to reduce the potential for confounding maternal effects (Mousseau & Fox, 1998) . Crickets were maintained in plastic boxes and provided egg cartons for cover, as well as ground cat food (Purina), water-soaked cheesecloth and carrots for sustenance. The cheesecloth also served as oviposition material. These egg-containing cheesecloth were collected weekly and then maintained for 4 months at 4°C to allow for a complete diapause cycle in all populations. Cages were changed every other day.
Importantly, the ranges of A. fasciatus and A. socius are partially sympatric with a morphologically similar species, A. allardi. Consequently, we expected our B1- Table 1 Population characterization, including location, elevation, number of genetic samples (n), percentage polymorphic loci (P), expected heterozygosity (He) and proportion of hybrids. B3, C1-C3 and D1-D3 collections sites to potentially contain this confounding species based on current range maps (http://entnemdept.ufl.edu/walker/buzz/ 539m.htm). To avoid including A. allardi in our study, we established female families during the first laboratory population and reared their offspring separately. We then identified A. allardi based on their unique male calling song and removed these families from the laboratory stocks. Specifically, we identified A. allardi in populations B1, B2, B3 and D1).
Characterization of environmental gradient
To determine the probability of experiencing a shortseason (i.e. univoltine) environment, the length of the cricket's growing season from 1958 to 2007 was estimated for 153 weather stations along a latitudinal gradient centred on 81°15¢W longitude. We sampled all weather stations located within 30¢ of this longitude from approximately 32°to 42°N latitude. The average weather station had 28.5 ± 1.8 (SE) years available for analysis. All data were obtained with permission from the National Climate Data Center (http://www.ncdc.noaa.gov/oa/ ncdc.html).
Because these crickets are ectotherms, their season length was measured in terms of accumulated thermal units or degree-days. Degree-day estimates were made using Allen's dual sine-wave methodology (Allen, 1976) and were based on the daily maximum and minimum temperatures obtained from the weather station data. The upper and lower thermal thresholds for growth in the Allonemobius system are 35°C and 13°C, respectively (Taylor, 1981; Mousseau, 1988) . All degree-days accumulated from January 1 to December 31 were assumed to contribute to the cricket's season length. Previous work has suggested that univoltine populations of Allonemobius occur in habitats where season lengths are < 1700 degree-days (Mousseau & Roff, 1989a) . Based on this estimate, we determined whether or not the season length for each year at each weather station was short (i.e. total accumulated degree-days was < 1700) or long (i.e. total accumulated degree-days was > 1700). The proportion of short seasons (i.e. univoltine environment) at each location was then calculated over period examined.
Genetic assay
We employed amplified fragment length polymorphism (AFLP) markers to determine the identity of all individuals in the study (i.e. A. socius, A. fasciatus or hybrid). AFLPs were also used to estimate genetic variation, gene flow magnitude and gene flow asymmetry between our populations. DNA extraction was accomplished by cutting the flash-frozen wild-captured crickets in half using a razor blade that was thoroughly cleaned in dH 2 0 after each use. One half of each cricket was used for DNA extraction. DNA extractions were performed using the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA). All sample concentrations were diluted to 25 ng lL )1 using a Nanodrop spectrophotometer.
The procedure for generating AFLP band profiles generally followed Vos et al. (1995) . Restriction enzymes EcoR1 and Pst1 were used to digest 25 ng lL )1 genomic DNA. Ligation of EcoR1 and Pst1 adapters to restriction fragments took place concurrently with restriction digestion. A 1 : 10 dilution of restriction-ligation product (2 lL) was used as template in a preamplification polymerase chain reaction (PCR). Primers for the preamplification were EcoR1 and Pst1 with one additional selective nucleotide (EcoR1: 5¢ GACTGCGTAACCAATTC + A 3¢; Pst1: 5¢ GACTGCGTACATGCAG + A 3¢). A second, selective amplification was performed using 2 lL of a 1 : 40 dilution of preamplification product. PCR conditions for selective amplification entailed 31 total cycles beginning with 95°C for 2 min, 65°C for 30 s and 72°C. Subsequent cycles entailed a denaturing step of 95°C for 30 s, with the annealing temperature reduced by 1°C each cycle and held at 56°C, followed by 72°C for the remaining 30 cycles. Primers for the selective amplification reaction contained two additional selective nucleotides. The primer EcoR1 + AGC was fluorescently labelled for automated fragment analysis and was paired with Pst1 + AAG ⁄ + AAC ⁄ + ATC ⁄ + ATG ⁄ + ACG ⁄ respectively. For automated fragment analysis, selective PCR products were injected with an internal size standard (GS-500 LIZ; Applied Biosystems, Inc., Carlsbad, CA, USA) and run on an ABI 3730XL at the Life Sciences Core Facility at Cornell University in Ithaca, NY. Fragments were sized and analysed using GENEMAPPER GENEMAPPER 3.7 software (Applied Biosystems Inc.).
Scoring of AFLP data entailed noting the presence or absence of same-sized fragments or bands. Only fragments with heights over 75 (units) and base pair size ranging from 100-500 bp were used in scoring. Initial scoring bins were created using the Genemapper software algorithm. Subsequently, bins were checked manually for consistency of allele calls, and bins containing questionable allele calls were eliminated. Using this new panel, an additional quality check was performed on a subset of samples and their respective replicates, which had been created from the same stock of genomic DNA but had been digested separately and run through the same set of PCR independently. A total of 84 samples were replicated and analysed by Genemapper using the manually inspected bin set described above. For each bin, the respective pairs (sample + replicate) were categorized as 2, allele present or absent in both sample and replicate, or 1, allele present in one but not the other. If more than 6% of the sample ⁄ replicate combinations (more than 5 of 84) contained an allele call in either the sample or replicate but not both, then the entire bin was removed from further analysis. Using this updated panel, all of the original samples (342) were analysed to create a final genotype table, which was used for further analysis. In total, 559 AFLP loci were generated.
Allonemobius allardi were identified and removed from the genetic samples (as opposed to the laboratory populations) via phylogenetic analysis using TREEcon (Vandepeer & Dewachter, 1994) . In short, Nei & Li (1979) similarity indices were calculated for each pair of individuals, and a neighbour-joining tree was created to visualize relatedness (bootstrap values of > 80 were preserved). Three distinct groups resulted (W.E. Winterhalter, unpublished data), two of which were presumably A. fasciatus and A. socius and corresponded to populations D1 to D3 and A1 to C3, respectively. The third group was small (n = 36), distantly related and was distributed among the populations in which A. allardi were acoustically identified during the first generation of laboratory rearing (i.e. populations B1 to B3 and D1). These were designated as A. allardi and removed from further analysis.
Characterization of the populations
To assess the identity of individuals in the hybrid zone, we used AFLPOP (Duchesne & Bernatchez, 2002) . This program allowed us to assign individuals of unknown origin to one of three genotypic classes (i.e. A. fasciatus, A. socius or hybrid) based on the AFLP allele frequencies of known pure A. fasciatus and A. socius populations. We assumed that all individuals collected from region A were pure A. socius and that all individuals collected from region D were pure A. fasciatus. To verify this assumption, we designated, in turn, the individuals from each population (A1-A3 and D1-D3) as 'unknowns' and had the program assign them to the three genotypic classes using the remaining five populations as 'knowns'. In all cases, individuals collected from the A region were unambiguously assigned to A. socius, and all of the individuals collected from the D region were unambiguously assigned to A. fasciatus.
Using these six pure populations as 'knowns', we then used AFLPOP to assign region B and C individuals to the three genotypic classes. After this assessment, we added the identified pure species in regions B and C into the group of 'knowns' and reassessed any identified hybrids as 'unknown'. This allowed us to use all of the genetic information available when attempting to identify true hybrids. The proportions of the three classes were then noted for each population.
To determine the genetic structure across our geographical populations and regions, we performed an analysis of molecular variance (AMOVA AMOVA) and calculated F PT using GenAlEx (Peakall & Smouse, 2006) . F PT is analogous to the fixation index, F ST , which estimates genetic differentiation among populations. As with F ST , F PT values below 0.05 suggest minimal genetic differentiation ⁄ high levels of gene flow, whereas values above 0.15 indicate high levels of genetic differentiation ⁄ low levels of gene flow (Hartl, 1988) . To independently examine population structure without a priori knowledge of a sample's geographical origin, we used the program Structure. Structure employs a model-based clustering method to identify K genetic clusters with distinct allele frequencies within a metapopulation (Pritchard et al., 2000) . To determine the number of clusters that best described our data, K-values from 1 to 12 (i.e. 12 potentially genetically distinct populations) were run with five replicates each and ln Pr(X|K) assessed. The smallest K in which a Wilcoxon's two-sample test failed to detect a difference in the ln Pr(X|K) estimates between K and K + 1 was chosen as our number of distinct genetic clusters (Rosenberg et al., 2001 ).
Estimate of gene flow asymmetry
We estimated the degree of asymmetric gene flow by estimating the ratio of private AFLP alleles (i.e. alleles unique to a given group) between adjacent regions (i.e. between A and B, B and C, and C and D) after controlling for the total number of polymorphic alleles. This index for gene flow symmetry, GFS, was modified from Kennington et al. (2003) and calculated as GFS iAEj = PPA i ⁄ PPA j , where PPA represents the proportion of private alleles in a population (i.e. the number of private alleles divided by the number of polymorphic loci in group i or j). If gene flow was symmetrical, then we would expect the proportion of private alleles to be the same in both groups and the GFS index would equal one. If gene flow moved asymmetrically from Group j to Group i , then we would expect private alleles to accumulate at a faster rate in Group i , creating a GFS index > 1. Likewise, if asymmetrical gene flow moved in the opposite direction (from Group i to Group j ), the GFS index would be < 1. To obtain an estimate of error around our GFS indices, we jackknifed the AFLP data set at the locus level. Standard errors were based on the jack-knifed pseudo-values (Efron & Tibshirani, 1993) . Thus, a GFS estimate significantly different from one would indicate gene flow asymmetry.
Estimate of diapause incidence
Bivoltine A. socius females begin laying diapause eggs as the photoperiod drops below 15 h of daylight and daytime high temperatures drop below 30°C (Bradford & Roff, 1993) . Although egg ambient temperature also influences diapause induction (Huestis & Marshall, 2006 ), photoperiod appears to be the most influential environmental cue (Bradford & Roff, 1993) , likely due to its superior reliability in predicting seasonal changes. Maternal effects also influence diapause incidence in that females derived from diapause eggs tend to produce an increased diapause incidence (Huestis & Marshall, 2006) .
To estimate diapause incidence in this experiment, one cage per population was established with approximately 75 adult male and female mating pairs per cage. All adults were derived from eggs that had experienced a diapause environment. Oviposition occurred over several days under short-season, univoltine conditions (i.e. 27°C, 9L ⁄ 15D photoperiod), which is known to induce diapause egg production in these populations (Bradford & Roff, 1993; Winterhalter & Mousseau, 2007) . Eggs were collected and maintained in the same incubator for 2 weeks after oviposition and then assayed for diapause incidence. Direct developing individuals were determined by the presence of 'eyespots' within the eggs, whereas eggs lacking eyespots were assumed to be diapausing. Dark brown or mouldy eggs (i.e. dead or moribund) were excluded from these counts. Diapause incidence for each population was measured as a proportion of diapause eggs over all living eggs counted.
Results
Characterization of gradient
The probability of experiencing only one generation per year increased from 0 to 100% between 35°and 36°N, creating a continuous environmental gradient approximately 140 km in length (Fig. 2) . Although a mosaic of pure univoltine and potentially bivoltine environments existed between 38°and 39°30¢N, all region C populations were found in a purely univoltine environment. Furthermore, the average probability of a univoltine environment between 38°and 39°30¢N was 99 ± 0.003%, suggesting the existence of strong selection against a mixed-diapause strategy in this region. In short, all populations sampled within regions B, C and D appeared to exist in 100% univoltine environments, whereas all populations in region A were bivoltine.
Population genetic identity and structure AFLPOP indicated that all populations within regions B and C were genetically similar to pure A. socius, with the rare occurrence of A. socius-A. fasciatus hybrids (only 2.8% of B and C individuals; Fig. 1, Table 1 ). Even though hybrids were present, no pure A. fasciatus individuals were found. This suggests that A. fasciatus are exceedingly rare in this region.
Population structure analysis indicated that the majority of genetic variation was present within populations, followed by among regions (Table 2 ). Little genetic differentiation was found among populations within regions. This pattern was supported by our F PT estimates Table 2 Analysis of molecular variance (AMOVA AMOVA) based on four geographical regions with three populations nested within each region (n = 12 populations). P-values are based on 999 permutations generated using GenAlEX. Fig. 2 Relationship between latitude and the probability of experiencing a short-season-length environment. Each black circle represents a weather station from which data were obtained. Open circles represent the 12 sampled cricket populations. The dashed lines represent the northern and southern boundaries of the hybrid zone as reported by previous authors. Gene flow appeared to be asymmetric and biased northwards between regions B and C, whereas gene flow between regions A and B appeared to be symmetric. Gene flow symmetry estimates, GFS iAEj , and their associated standard errors are embedded within arrows.
( Table 3) , where minimal genetic differentiation was detected among populations within regions (all withinregion F PT < 0.03; Table 3 ), but a moderate amount of differentiation was detected between regions (average pairwise F PT between adjacent regions A:B, B:C and C:D were 0.09 ± 0.007, 0.03 ± 0.006 and 0.21 ± 0.005, respectively). As would be expected, the A. socius regions A, B and C appeared to be equally differentiated from the A. fasciatus region D (all average population pairwise F PT > 0.20). Our Structure analysis yielded comparable results, predicting the existence of 4 distinct genetic populations (K = 4; Fig. 3 ). Specifically, populations A1-A3, B1-C3 and D1-D3 comprise three distinct genetic clusters. A fourth distinct genetic cluster appeared to be interspersed throughout populations C2 and C3. Considering the minimal genetic differentiation within each region, but the strong differentiation between regions, further analysis was conducted at the region level.
Estimate of genetic variation
With regard to genetic diversity, theoretical work predicts that local adaptation could be impeded if the marginal region exhibited reduced genetic variation (Case & Taper, 2000) . In contrast to this expectation, we found no difference between A. socius regions in heterozygosity (Table 1 ; F 2,6 = 0.21, P = 0.8158). Furthermore, our estimates of heterozygosity appear to be similar to estimates in another outbred cricket species (Mendelson et al., 2004) . Thus, species range does not appear to be constrained by genetic variation in this system.
Estimate of gene flow asymmetry
If gene flow asymmetry retards local adaptation at the species edge (region C), then we would expect a northward bias in gene flow from region A into B or B into C should exist. We found a nonsignificant trend towards gene flow asymmetry between regions A and B (GFS BA = 1.13 ± 0.18; one-sample t-test: t 558 = 0.7486, P = 0.4544; Fig. 2 ). Moreover, we found substantial gene flow asymmetry from region B to region C (GFS CB = 1.72 ± 0.32; t 558 = 2.24, P = 0.0256), suggesting northward gene flow is 72% greater than southward gene flow between these regions. We also found substantial gene flow asymmetry southwards between A. fasciatus in region D and A. socius in region C (GFS CD = 3.03 ± 0.53; t 558 = 3.82, P < 0.0001). However, the magnitude of gene flow appeared to be negligible given the large F PT estimate between these regions (average pairwise F PT between C : D = 0.21 ± 0.005).
Diapause incidence
If local adaptation were allowed to progress in each population, then we would expect diapause incidence to reflect that population's probability of experiencing a short season. Specifically, we would expect females within regions B, C and D to lay 100% diapause eggs when exposed to a short-season environmental cue. If adaptation in the northern marginal A. socius (region C) is constrained by gene flow from the south, then we would predict diapause incidence in the marginal region to be significantly < 100%. We found that the proportion of diapause eggs differed across the four regions ( Fig. 4 ; v 2 = 54.87, P < 0.0001). When exposed to a short-season environmental cue, region D females (univoltine A. fasciatus) laid 100% diapause eggs, whereas region A females (bivoltine A. socius) exhibited a mixed strategy by laying both diapause and nondiapause eggs. The region A pattern suggests that the short-season cue was relatively strong for the bivoltine population, considering that they laid an average of 70% diapause eggs. However, diapause incidence for region B and C females (univoltine A. socius) was significantly < 100% (one-sided t-test for regions B and C: t = 99.5, P < 0.0001 and t = 33.5, P < 0.0001, respectively), even though they inhabited a pure univoltine environment. Although we did not directly assess the diapause phenotype or its fitness in the native habitats, the low diapause estimate in regions B and C suggests that diapause incidence is suboptimal. This suboptimal phenotype is likely the consequence of symmetric (A to B) and asymmetric (B to C) gene flow from the south.
Discussion
In this study, we assessed the potential for maladaptation in diapause incidence to constrain northward range expansion in A. socius. We expected the optimal phenotype in the northern range periphery to be one of pure diapause when confronted with a short-season (univoltine) environmental cue. This is because (I) they inhabited (and have inhabited for at least the last few decades) a purely univoltine environment and (II) expansion brings A. socius into direct competition with A. fasciatus, which produces only diapause eggs. However, we found that A. socius in the northern populations did not exhibit a pure diapause phenotype. Instead, they exhibited the mixed-diapause strategy typical of their southern bivoltine counterparts. These data suggest that northward expansion is currently unlikely due to expression of a suboptimal, bivoltine phenotype in a competitive univoltine environment.
The potential underlying mechanisms contributing to the suboptimal diapause pattern are a reduction in genetic variation at the species edge or asymmetrical gene flow from the bivoltine populations into the univoltine populations. We found no difference in genetic variation (H e ) across the nine populations of A. socius. Furthermore, the magnitudes of our H e estimates were consistent with those seen in other outbred cricket systems (Mendelson et al., 2004) , suggesting that ample variation at the northern edge of the A. socius range existed. With regard to gene flow, we found that the southern bivoltine and northern univoltine populations shared alleles. Furthermore, gene flow between regions B and C was substantial and biased northwards. These patterns suggest that southern diapause alleles move northwards in a stepping-stone fashion. Overall, our data are consistent with the hypothesis that gene flow asymmetry along the season-length gradient constrains northward range expansion in A. socius by inhibiting local diapause adaptation.
The level of gene flow asymmetry detected in our study was substantial and may be driven by several factors. In most theoretical models that assess gene flow from core to margin, it is assumed that population abundance decreases towards the marginal, environmentally inferior habitat. Furthermore, a reduced marginal population will in turn produce a reduced number of migrants (assuming that dispersal propensity is equivalent in both margin and core, which may not be the case if marginal individuals tend to migrate more often to escape poor conditions). However, migrant abundance may be more a function of the season-length gradient than of population abundance, per se. If lower latitudes have a greater probability of experiencing multiple generations per year, they will on average disperse a greater number of individuals northward in a given year, regardless of the marginal population size at the time of dispersal.
The observation that no A. fasciatus were found within the hybrid zone demands some examination. The A. socius and A. fasciatus region of overlap likely represents a primary hybrid zone that is anchored in position by the thermal gradient described in Fig. 2 . Previous work by Britch et al. (2001) suggested that A. socius alleles increased in frequency within the hybrid zone from 1986 to 1999. This shift in alleles may not necessarily represent competitive exclusion of A. fasciatus within the zone, but a northward shift of the zone due to climate change (Britch et al., 2001) . Moreover, the hybrid zone itself may be shrinking in size, considering the small geographic distance between our northernmost A. socius population (C3) and southernmost A. fasciatus population (D3; Fig. 1 ). In other words, the gradual transition between pure bivoltine and univoltine environments may become much more abrupt in the near future, shrinking the latitudinal breadth of the zone. These observations call into question the hybrid zone's current location, shape and eventual fate. Even if A. socius are moving northward due to a shifting environmental gradient, they still appear to be unable to expand into A. fasciatus territory due to their bivoltine diapause phenotype. Rapid local adaptation may be possible, as our data suggest that A. fasciatus alleles are able to asymmetrically introgress into the A. socius peripheral populations (e.g. GFS CD = 3.03 ± 0.53; t 558 = 3.82, P < 0.0001), which could spread advantageous univoltine adapted alleles. However, the magnitude of gene flow between A. fasciatus and peripheral A. socius populations is minimal compared with the flow of alleles from southern populations into the periphery. For local adaptation to occur, northward gene flow would have to be minimized. It is important to note that our AFLP data provide an estimate of genome-wide variation and do not necessarily reflect genetic variation in the fitness-related trait under observation (i.e. diapause incidence).
Biologists have long recognized that environmental heterogeneity can play a significant role in limiting species ranges, with the preponderance of empirical support coming from correlational studies between species distributions and environmental parameters (see Sexton et al., 2009 and references therein) . Recently, niche modelling has brought a fresh perspective to this traditional approach, allowing researchers to make a priori predictions regarding a species' potential to expand into unoccupied habitats or under shifting environmental conditions (Guisan & Zimmermann, 2000) . Numerous other studies have investigated range limits by examining the degree of neutral genetic diversity along environmental gradients or between margin and core populations (see Eckert et al., 2008 for review) . However, few studies have explicitly explored the potential for gene flow along an environmental gradient to modify key fitness components in marginal habitats. Of significant note, however, is a recent empirical study in Drosophila birchii, where Bridle et al. (2009) carefully examined adaptation in several stress-related traits (i.e. cold ⁄ heat tolerance and desiccation ⁄ starvation resistance) along two altitudinal clines of varying steepness. Although they did not directly assess gene flow symmetry, they found that populations along the steepest cline exhibited no evidence of local adaptation in the stress-related traits, supporting the hypothesis that maladaptive gene flow constrains local adaptation. In contrast, they found that local adaptation did occur when the cline was shallow and that the populations closer to their presumed optima exhibited a greater degree of genetic variation. This pattern implies that gene flow may also aid local adaptation in marginal habitats by contributing the genetic variation necessary for evolution.
In summary, our study suggests that gene flow along an environmental gradient can constrain local adaptation in marginal populations and hence species range. Future work in this system should aim to estimate the strength and magnitude of diapause selection in the wild, as well as to uncover other potential evolutionary constraints imbedded in diapause genetic architecture. This will allow a more accurate assessment of evolutionary potential in the marginal populations. Although these data provide much needed support for the theoretical models examining species range limits in heterogeneous environments, much more empirical work is needed to elucidate the importance of gene flow asymmetry in preventing or facilitating local adaptation.
